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Abstract

Salinity is one of the major abiotic stresses that lead to extreme reduction in crop
productivity worldwide. Increased soil and water salinity is a major issue in UAE’s
agriculture. Some plants however have adapted to grow in high saline conditions, i.e.
halophytes. Unfortunately, most crops are glycophytes and cannot tolerate high
salinity. During salinity stress, expression of numerous genes is altered to protect the
plants. Understanding the differences in gene structure between halophytes and
glycophytes could provide insights into developing transgenic crops that can thrive in
salinity conditions. The Salt Overly Sensitive (SOS) pathway is a key mechanistic
cascade controlling cellular ion homeostasis during salinity stress. In this study, the
SOS pathway genes (SOS1, SOS2, SOS3) have been isolated from Avicennia marina,
(a mangrove adapted to the coastal regions of UAE), Prosopis cineraria (a desert
adapted plant species), and Panicum turgidum (a halophytic grass). The SOS genes
from these plants were cloned by reverse-transcription-polymerase chain reaction
(RT-PCR) and rapid amplification of cDNA ends (RACE). The full-length ORFs of
AmSOS1, PcSOS1 and PtSOS1 are 3426 bp, 3456 bp, and 3453 bp respectively. The
putative AmSOS1, PcSOS1, and PtSOS1 proteins all have 12 transmembrane
domains plus a cyclic nucleotide binding domain (CNBD), an auto-inhibitory domain
and the SOS2 binding domain. AmSOS1 also contains an N-terminal signal peptide.
Overall, the amino acid sequences of these proteins are similar to AtSOS1 with most
of the variations being in the auto-inhibitory domain. Furthermore, the full-length
ORFs of AmSOS2 and PtSOS2 are 1341 bp and 1374 bp respectively. AmSOS2 and
PtSOS2 both contain the kinase domain in the N-terminals followed by the FISL
motif and the Protein Phosphatase Interaction(PPI) motif in the regulatory domain.
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PPI motif has the most variations when compared to AtSOS2. Moreover, the fulllength ORF of PtSOS3 is 636 bp and the partial ORF of AmSOS3 is 540 bp. The
putative PtSOS3 and AmSOS3 contain four EF-hands that are similar to that of
AtSOS3. However, there are some variations in the Ca+ binding residues. In this
study, to investigate the function of the SOS1 gene isolated from Avicennia marina,
sos1-1 mutant and wild type Arabidopsis thaliana were transformed with wildtype
AmSOS1 and its constitutive form AmSOS1∆946. The preliminary analysis of
transgenic T2 lines derived from the sos1-1 mutant transformed with AmSOS1
rescued the salt sensitive phenotype of the mutants. This shows that AmSOS1 is
expressed in the transgenic Arabidopsis thaliana and functions similarly to AtSOS1.
Hence, indicates that the isolated AmSOS1 is indeed an ortholog of AtSOS1. In
addition, both AmSOS1 and the constitutive form AmSOS1∆946 were able to
increase the salt tolerance in wild type Arabidopsis thaliana. However,
AmSOS1∆946 displayed stronger effect than the wild type AmSOS1 suggesting
AmSOS1∆946 is more active. Although further in depth functional analysis is
needed, the present study opens the use of the SOS pathway genes isolated from
local salt tolerant plants to transform crop plants of interest to enhance salinity
tolerance.
Keywords: SOS pathway genes, SOS1, SOS2, SOS3, Salt tolerance, Avicennia
Marina, Prosopis cineraria, Panicum Turgidum.
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)Title and Abstract (in Arabic

اﻻﺳﺘﻨﺴﺎخ اﻟﺠﺰﺋﻲ واﻟﺘﺤﻠﯿﻞ اﻟﻮظﯿﻔﻲ ﻟﻨﻈﺎم اﻹﺷﺎرة ) (Salt Overly Sensitiveﻓﻲ
اﻟﻨﺒﺎﺗﺎت اﻟﻤﺤﻠﯿﺔ ﻟﺪوﻟﺔ اﻻﻣﺎرات اﻟﻌﺮﺑﯿﺔ اﻟﻤﺘﺤﺪة
اﻟﻤﻠﺨﺺ

ﺗﻌﺘﺒﺮ اﻟﻤﻠﻮﺣﺔ اﻟﻌﺎﻟﯿﺔ ﻣﻦ أھﻢ اﻷﺳﺒﺎب اﻟﺘﻲ ﺗﺆدي اﻟﻰ اﻻﻧﺨﻔﺎض اﻟﺸﺪﯾﺪ ﻓﻲ إﻧﺘﺎﺟﯿﺔ اﻟﻤﺤﺎﺻﯿﻞ
اﻟﺰراﻋﯿﺔ .ﺣﯿﺚ ان ارﺗﻔﺎع ﻧﺴﺒﺔ ﻣﻠﻮﺣﺔ اﻟﺘﺮﺑﺔ واﻟﻤﯿﺎه اﻟﺠﻮﻓﯿﺔ ﻣﻦ أھﻢ اﻟﻤﺸﺎﻛﻞ اﻟﺘﻲ ﺗﻮاﺟﮫ
اﻻﻗﺘﺼﺎد اﻟﺰراﻋﻲ .ﺑﺎﻟﺮﻏﻢ ﻣﻦ أن ﺑﻌﺾ اﻟﻨﺒﺎﺗﺎت ﺗﻜﯿﻔﺖ ﻟﺘﻨﻤﻮ ﻓﻲ اﻟﺒﯿﺌﺎت اﻟﻤﺎﻟﺤﺔ ،إﻻ أن ﻣﻌﻈﻢ
اﻟﻨﺒﺎﺗﺎت ذات اﻟﻘﯿﻤﺔ اﻻﻗﺘﺼﺎدﯾﺔ ﻛﺎﻟﻤﺤﺎﺻﯿﻞ اﻟﺰراﻋﯿﺔ ﻟﯿﺲ ﻟﮭﺎ اﻟﻘﺪرة ﻋﻠﻰ ﺗﺤﻤﻞ اﻟﻤﻠﻮﺣﺔ اﻟﻌﺎﻟﯿﺔ
أو ﺣﺘﻰ اﻟﻤﺘﻮﺳﻄﺔ .دراﺳﺔ اﻻﺧﺘﻼﻓﺎت اﻟﺠﯿﻨﯿﺔ ﺑﯿﻦ ھﺬه اﻟﻨﺒﺎﺗﺎت ﻗﺪ ﺗﺴﺎﻋﺪ ﻋﻠﻰ ﻓﮭﻢ اﻷﺳﺒﺎب اﻟﺘﻲ
ﺗﺠﻌﻞ ﺑﻌﺾ اﻟﻨﺒﺎﺗﺎت ﺗﺘﺤﻤﻞ اﻟﻤﻠﻮﺣﺔ وﺑﻌﻀﮭﺎ ﻻ ﯾﺘﺤﻤﻞ .ﺣﯿﺚ أن ﻧﺘﺎﺋﺞ ﻣﺜﻞ ھﺬه اﻟﺪراﺳﺎت ﻗﺪ
ﺗﻮﻓﺮ ﻣﻔﺘﺎح ﻟﺘﻄﻮﯾﺮ اﻟﻤﺤﺎﺻﯿﻞ اﻟﺰراﻋﯿﺔ ﻋﻦ طﺮﯾﻖ اﻟﺘﻌﺪﯾﻞ اﻟﻮراﺛﻲ ﻟﮭﺎ .ﯾﻌﺘﺒﺮ ﻧﻈﺎم اﻻﺷﺎرة
) (Salt Overly Sensitiveﻣﻦ اﻻﻧﻈﻤﺔ اﻟﻤﮭﻤﺔ اﻟﺘﻲ ﺗﺘﺤﻜﻢ ﻓﻲ ﺣﺮﻛﺔ اﻻﯾﻮﻧﺎت اﻟﺨﻠﻮﯾﺔ ﻣﺜﻞ
اﻻﻣﻼح ﻓﻲ اﻟﻨﺒﺎﺗﺎت ﺧﻼل اﻻﺟﮭﺎد اﻟﻤﻠﺤﻲ .ﻓﻲ ھﺬه اﻟﺪراﺳﺔ ،ﺗﻢ ﻋﺰل ﺛﻼﺛﺔ ﺟﯿﻨﺎت ﻣﺨﺘﻠﻔﺔ ﺗﻌﺘﺒﺮ
ﺟﺰء ﻣﻦ ﻧﻈﺎم اﻻﺷﺎرة ) (Salt Overly Sensitiveوھﻲ ) (SOS1, SOS2, SOS3ﻣﻦ ﻧﺒﺎت
اﻟﻘﺮم وﺷﺠﺮة اﻟﻐﺎف وﻧﺒﺎت اﻟﺜﻤﺎم اﻟﻌﺸﺒﻲ وذﻟﻚ ﻟﻘﺪرة ھﺬه اﻟﻨﺒﺎﺗﺎت ﻋﻠﻰ ﺗﺤﻤﻞ اﻟﻤﻠﻮﺣﺔ اﻟﻌﺎﻟﯿﺔ.
أظﮭﺮت ﻧﺘﺎﺋﺞ اﻟﺘﺤﻠﯿﻞ اﻟﻮراﺛﻲ ﻟﻠﺠﯿﻨﺎت اﻟﻤﻌﺰوﻟﺔ ﻣﻦ ھﺬه اﻟﻨﺒﺎﺗﺎت أﻧﮭﺎ ﻣﺘﺸﺎﺑﮭﺔ ﻟﺤﺪ ﻛﺒﯿﺮ ﻟﻨﻔﺲ
اﻟﺠﯿﻨﺎت ﻣﻦ ﻧﺒﺎت  A. thalianaواﻟﺬي ﯾﻌﺪ ﻣﻦ أﻛﺜﺮ اﻟﻨﺒﺎﺗﺎت اﻟﺘﻲ ﺗﻢ دراﺳﺘﮫ ﻣﺴﺒﻘﺎ .ﺑﺎﻟﺮﻏﻢ ﻣﻦ
ھﺬا اﻟﺘﺸﺎﺑﮫ اﻟﻜﺒﯿﺮ إﻻ أﻧﮫ ﻛﻞ ﺟﯿﻦ ﻣﻦ اﻟﺠﯿﻨﺎت اﻟﻤﻌﺰوﻟﺔ ﻣﻦ ھﺬه اﻟﻨﺒﺎﺗﺎت ﻟﮫ ھﯿﻜﻠﮫ اﻟﻔﺮﯾﺪ واﻟﺬي
ﻣﻦ ﺧﻼل دراﺳﺘﮫ ﻗﺪ ﯾﻌﻄﻲ ﻣﻔﺘﺎﺣﺎ ﻟﺘﻌﺪﯾﻞ اﻟﻤﺤﺎﺻﯿﻞ اﻟﺰراﻋﯿﺔ وراﺛﯿﺎ.
ﻟﺪراﺳﺔ وظﯿﻔﺔ اﻟﺠﯿﻦ  sos1اﻟﻤﻌﺰول ﻣﻦ ﻧﺒﺎت اﻟﻘﺮم اﻟﻤﺤﻠﻲ ،ﺗﻢ إدﺧﺎﻟﮫ وراﺛﯿﺎ ﻓﻲ ﻧﺒﺎت A.
 thalianaاﻟﻤﺤﻮر وراﺛﯿﺎ واﻟﺬي ﯾﻔﺘﻘﺪ وظﯿﻔﺔ اﻟﺠﯿﻦ  sos1ﻣﻤﺎ ﯾﺠﻌﻠﮫ ﻏﯿﺮ ﻗﺎدر ﻋﻠﻰ ﺗﺤﻤﻞ ﻧﺴﺒﺔ
ﺻﻐﯿﺮة ﻣﻦ اﻟﻤﻠﻮﺣﺔ .أظﮭﺮت ﻧﺘﺎﺋﺞ ھﺬه اﻟﺪراﺳﺔ أن ﺟﯿﻦ  AmSOS1اﻟﻤﻌﺰول ﻣﻦ ﻧﺒﺎت اﻟﻘﺮم
ﺗﻤﻜﻦ ﻣﻦ ارﺟﺎع اﻟﻨﻤﻂ اﻟﻈﺎھﺮي اﻟﻄﺒﯿﻌﻲ ﻟﻨﺒﺎت  A. thalianaﺣﯿﺚ ﺟﻌﻠﮫ ﻗﺎدر ﻋﻠﻰ ﺗﺤﻤﻞ
اﻟﻤﻠﻮﺣﺔ اﻟﻄﺒﯿﻌﯿﺔ ﻟﮭﺬا اﻟﻨﺒﺎت .ﻛﻤﺎ وأﻧﮫ ﺗﻢ ﺗﻌﺪﯾﻞ ﻧﺒﺎت  A. thalianaطﺒﯿﻌﻲ )ﻏﯿﺮ ﻣﺤﻮر( ﺑﻨﻔﺲ
اﻟﺠﯿﻦ  AmSOS1ﻣﻦ ﻧﺒﺎت اﻟﻘﺮم أو ﺑﻨﺴﺨﺔ ﻣﺼﻐﺮة ﻣﻦ اﻟﺠﯿﻦ ) AmSOS1∆946ﯾﻌﻤﻞ ﺑﺸﻜﻞ
ﻣﺴﺘﻤﺮ( .أظﮭﺮت اﻟﻨﺘﺎﺋﺞ ان ﻗﺪرة ﻧﺒﺎت  A. thalianaواﻟﻤﻌﺪل وراﺛﯿﺎ ب  AmSOS1ﻋﻠﻰ
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ﺗﺤﻤﻞ اﻟﻤﻠﻮﺣﺔ ﻗﺪ زادت ﻋﻦ اﻟﻨﺴﺒﺔ اﻟﻄﺒﯿﻌﯿﺔ ﻟﮭﺬا اﻟﻨﺒﺎت .إﻻ ان ﻗﺪرة اﻟﻨﺒﺎت اﻟﻤﻌﺪل ﺑﺎﻟﻨﺴﺨﺔ
اﻟﻤﺼﻐﺮة  AmSOS1∆946ﻋﻠﻰ ﺗﺤﻤﻞ اﻟﻤﻠﻮﺣﺔ ﻗﺪ ﻓﺎﻗﺖ ﻗﺪرة اﻟﻨﺒﺎت اﻟﻤﻌﺪل ﺑﺎﻟﻨﺴﺨﺔ اﻟﻌﺎدﯾﺔ
.AmSOS1

ﻣﻔﺎھﯿﻢ اﻟﺒﺤﺚ اﻟﺮﺋﯿﺴﯿﺔ :اﻟﻤﻠﻮﺣﺔ ،اﻟﻤﺤﺎﺻﯿﻞ اﻟﺰراﻋﯿﺔ ،اﻟﻐﺎف ،اﻟﺪﻣﺎس ،اﻟﺜﻤﺎمSOS1 ،
.Salt Overly Sensitive Pathway ،SOS3 ،SOS2
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Chapter 1: Introduction

1.1 Overview
Crop productivity which assures food security is hurdled by several factors. Biotic
and abiotic stresses are the major factors contributing to the decline in crop
productivity. Abiotic stresses including high salinity, heat, and drought are the major
causes in crop loss in Saharan and sub-Saharan countries. Salinity itself has caused
loss of millions of trees in UAE (Wiede, 2005). While some plants (glycophytes)
cannot grow in saline conditions, others (halophytes) have adapted to grow and
flourish in saline conditions. What makes halophytic plants different from
glycophytes? This is a big and complicated question as plants are extremely diverse!
However, asking smaller questions considering specific genes or pathways might
help to understand the differences. In this thesis, the SOS pathway genes which are
known to control cellular ion homeostasis during salinity stress are isolated from
local plants of UAE: Avicennia marina, Prosopis cineraria, and Panicum turgidum.
Analyzing the structure of these genes might help understanding the difference
between glycophytic and halophytic plants of UAE. Thus, might give insights in
developing genetically modified crops that can tolerate high salinity. Moreover,
overexpression of these genes in crop plants also can help produce salt tolerant
transgenic plants.
1.2 Statement of the problem
Climatic changes and abiotic stresses, such as extreme temperatures, drought and
salinity are major setbacks in crop productivity, which threatens food security
worldwide. Salinity is one of the major abiotic stresses that adversely affect plant
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growth and development. To overcome these issues, several approaches and
biotechnological techniques have been developed. One of which is the development
of transgenic plants that can thrive in saline areas with minimal irrigation or that can
be watered with brackish water, which is a water that results from mixing fresh water
with saline water. A great number of genes expressed in metabolic pathways that
conferring salinity tolerance have been discovered to be part of salinity tolerance
pathways in plants. The Salt Overly Sensitive pathway (SOS pathway) is shown to
be a key mechanistic cascade controlling cellular ion homeostasis under salinity
stress (Ji et al., 2013). Understanding the physiology and structural analysis of SOS
pathway genes in local halophytic plants might give insights into developing salt
tolerant crops that can live in salty environment of the UAE.
1.3 Literature review
High salinity leads to both ionic and osmotic stresses in the plants as elevated
concentrations of salt decrease the soil water potential thus reduces the amount of
water uptake by roots. Salt accumulation in roots leads to ionic stress that causes
disruption of plants intracellular homeostasis and leads to diminished plant growth
and cell death (Ji et al., 2013). In glycophitic plants, NaCl concentrations above
0.3M reduce most of enzymatic activity and disrupt the electrostatic forces that
maintain protein structure (Yadav et al., 2012). Photosynthetic mechanisms are also
disrupted during salt stress as a result of superoxide and Reactive Oxygen Species
mediated oxidation (Yadav et al., 2012). In addition, high Na+ concentration prevents
sufficient uptake of K+ which is an essential mineral for enzymatic reaction and
osmotic adjustment. Hence, maintaining cytosolic Na+/K+ homeostasis is vital for the
plant salt tolerance (Huertas et al., 2012). Plants respond to stresses (biotic and
abiotic) by activating molecular networks that control signal transductions and
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expression of genes associated with environmental stress adaptation (Yadav et al.,
2012). Plants use three different ways to adapt to high cytoplasmic Na+
accumulation: a) increase the stacking of Na+ into vacuoles, b) reduce Na+ entry into
the cells, and c) maximize extrusion of Na+ out of cells (Ji et al., 2013). The last
method mentioned plays a vital role in maintaining homeostasis as it sustains a low
concentration of Na+ while maintaining an equilibrium of other essential ions such as
K+ and Ca+. These mechanisms are part of the root response system to high Na+
level. In fact, roots demonstrate the first line of defense against salt associated
damage and stress (Ji et al., 2013).
The salt overly sensitive (SOS) pathway plays a vital role in controlling cellular ion
homeostasis under salinity stress as it is involved in extrusion of Na+. These genes
include SOS1, SOS2 and SOS3. SOS1 gene encodes a plasma membrane Na+/H+
antiporter involved in extrusion of Na+ ions from cells (Shi et al., 2000). SOS2 is a
serine/threonine protein kinase (Ishitani et al., 2000). SOS3 is a myristoylated
calcium binding protein capable of sensing Ca+ oscillations caused by salt stress (Liu
and Zhu, 1998). Accumulation of Ca+ in the cytoplasm of the roots cells protects the
plant from Na+ toxicity by activating the SOS signaling pathway (Guo et al., 2004; Ji
et al., 2013). This mechanistic cascade starts with the myristoylated calcium-binding
protein encoded by SOS3 gene, which acts as primary calcium sensor and detects the
Ca+ influx due to Na+ rise in the cells (Figure 1: (Gupta and Huang, 2014)) (Ji et al.,
2013; Liu and Zhu, 1998). In the presence of Ca+, SOS3 physically binds to and
activates the serine/threonine protein kinase SOS2 (Ji et al., 2013). The SOS3-SOS2
interaction directs SOS2 to plasma membrane where it phosphorylates the membrane
associated Na+/H+ antiporter SOS1 by adding gamma phosphate group to the
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serine/threonine residues (Ji et al., 2013). Consequently, the channel starts the
extrusion of excessive Na+ back into the soil (Qiu et al., 2004).

Figure 1: Model of SOS pathway during salinity stress

Additionally, the SOS signaling cascade also provides organ and tissue protection
against damage from excessive Na+ stress. Recently, SOS3-like Calcium Binding
Protein 8 (SCaBP8) was found to have a similar function to SOS3 as it actively
interacts with SOS2. While SOS3-SOS2 complex functions primarily in Arabidopsis
roots, SCaBP8-SOS2 complex is more important in the shoot (Lin et al., 2009).
Upon interaction, SOS2 phosphorylates SCabp8, and consequently SOS2 is recruited
to plasma membrane to activate SOS1 resulting in the extrusion of Na+ ions from the
cells (Lin et al., 2009).
To determine the genes responsible for salt tolerance in Arabidopsis thaliana,
mutations were produced via single recessive nuclear mutations methods (Wu et al.,
1996). As a result, four different mutations were found in SOS1 gene locus that led to
hypersensitivity to the plants when grown in <100 mM NaCl, which is the normally
tolerable concentration of salt for Arabidopsis thaliana. The mutant plants were
sensitive to both Na+ and Li+, and their growth was arrested in media containing low
concentration of K+. This proved that SOS1 is essential for salt tolerance in this plant
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(Wu et al., 1996). The isolation of SOS1 gene was first done by Shi et al., 2000 via
positional cloning. Overall, SOS1 gene encodes a Na+/H+ antiporter protein, which
contains four conserved domains. The N-terminal starts with 12-13 membrane
spanning domains that facilitate the movement of the Na+/H+ through the cells. The
transmembrane domain is followed by a long hydrophilic tail containing the cyclic
nucleotide binding domain (CNBD), an auto-inhibitory domain, and the SOS2
phosphorylation domain (Quintero et al., 2011; Shi et al., 2000). The activity of
SOS1 antiporter is repressed by the auto-inhibitory domain and remains inactive until
it is phosphorylated by SOS2 (Quintero et al., 2011). Removing the auto-inhibitory
domain of SOS1 made the antiporter works constitutively (hyperactive form of
SOS1) (Shi et al., 2000). Overexpression of Durum wheat SOS1 in Arabidopsis
showed increased salt tolerance. Yet, overexpression of hyperactive form of Durum
wheat SOS1 gene, that lacks the auto-inhibitory domain and the SOS2
phosphorylation site, showed a greater salt tolerance as it had a better water retention
and maintained a low Na+ and high K+ in both shoots and roots compared to the
transgenic lines transformed with wild type Durum wheat SOS1 (Feki et al., 2014).
SOS2 is a serine/threonine protein kinase that is critical for interactions of
intermolecular and intramolecular proteins. SOS2 protein contains a highly
conserved N-terminal kinase catalytic domain, followed by the activation loop and
then the C-terminal regulatory domain. The SOS2-SOS3 interaction is mediated by a
stretch of 21 amino acids residues (308-329) within SOS2 C-terminal regulatory
domain (Guo et al., 2001). This motif is called FISL or NAF and is essential for
interacting with SOS3. This motif functions as an auto-inhibitory domain for the
kinase activity. This means that in SOS2 protein, the activity of the kinase domain is
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repressed by the protein’s own regulatory domain. Thus, SOS2 remains in an
inactive form unless it is activated by SOS3 upon its binding to FISL that triggers
conformational change to release the auto-inhibition (Guo et al., 2001). The deletion
of the auto-inhibitory FISL domain resulted in hyperactive form of SOS2 that works
independently of SOS3 (Guo et al., 2001). Furthermore, site-directed mutagenesis of
single residues in the activation loop revealed that a substitution mutation of
threonine (position 168) to aspartic also resulted in an active form of SOS2. The
combination of both FISL motif deletion and the substitution mutation results in a
super-active SOS2 kinase. This indicated that SOS2 can be phosphorylated by other
upstream protein kinases (Guo et al., 2001). The C-terminal regulatory domain also
contains a stretch of 33 amino acids serve as protein phosphatase interaction motif
(PPI) with which, protein phosphatase 2C (PP2C) interacts (Sánchez-Barrena et al.,
2007). PP2C is a serine/ threonine protein phosphatase known to be involved during
stress responses in plants. ABA-insensitive 2 (ABI2), which is a homolog protein of
PP2C was found to strongly interact with SOS2. Mutations in ABI2 inhibited the
interaction between SOS2 and ABI2 resulting in an increased tolerance to salinity
(Ohta et al., 2003).
SOS3 is a member of the EF-hand type calcium binding proteins (ScaBPs) family
with N-myristoylated. N-myristoylation is the attachment of a myristic acid to the Nterminal glycine residue by an amid bond. A consensus sequence was identified to be
important for the myristoylation in SOS3 and similar proteins, MGXXXS/T(K)
(Ishitani et al., 2000). The N-myristoyl group in SOS3 protein is important for the
interaction of SOS3 with SOS2. Moreover, SOS3 protein has a dimeric structure
with two domains connected by a short linker. The domains contain two adjacent EF-
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hand motifs each. EF-hand motif is a helix-loop-helix protein that can bind Ca+ ions
within the loop. Each EF-hand has four residues that can bind to Ca+. Both the Nterminal and C-terminal of SOS3 contain an a-helixes plus a tail in the C-terminal
that overhang toward the N-terminal. EF-hand motif is characterized by 12 amino
acid residues that are required for the binding of Ca+ ions. These amino acids bind to
Ca+ via side-chain oxygen donor (Sanchez-Barrena et al., 2005). In fact, SOS3 is
found in a monomeric and a dimeric structure. The dimeric form increases
proportionally with cytosolic Ca+ concentration. Ca+ binding to the EF–hand motif of
SOS3 induces conformational changes which increases the exposure of the myristoyl
group embedded in a hydrophobic pocket (Ishitani et al., 2000). This changes allow
SOS3 to interact with the hydrophobic FISL motif of the protein kinase SOS2 and
thus relocate the complex SOS3-SOS2 to the plasma membrane where SOS2
phosphorylate and activate SOS1 antiporter (Sanchez-Barrena et al., 2005).
Moreover, during salinity stress, the number and length of root hairs is reduced as an
adaptive strategy to minimize exposed surface area to external Na+. Defective
development of root hairs was observed in single mutant genes of SOS pathway.
Thus, indicate an important role of the SOS pathway genes in the development of the
root epidermal cells under salt stress (Wang and Li, 2008). It has been shown that the
SOS pathway genes have a role in the manipulation of root system architecture
(RSA) and lateral root development under mild NaCl stress. SOS3 is required for
biosynthesis of auxins and it positively regulates the development of new lateral
roots and lateral root primordia during mild salt stress (Wang and Li, 2008). SOS3
mutants showed reduction in auxin accumulation in the sites of lateral root
primordia, which caused defects in progression of cell cycle and inhibition of lateral
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root growth. This signifies the essential role of SOS3 in the development of lateral
root (Wang and Li, 2008).
The SOS pathway genes have been shown to be conserved in many plants including
both monocots and dicots (Martínez-Atienza et al., 2007; Olías et al., 2009). In
addition to Arabidopsis, the SOS pathway genes have been cloned from other plant
species, such as rice, wheat, and tomato (Martínez-Atienza et al., 2007; Xu et al.,
2008; Huertas et al., 2012). Overexpression of the individual SOS pathway genes
have been shown to enhance their tolerance to salt, including Arabidopsis
SOS1/SOS3, rice SOS1, and tomato SOS2 (Huertas et al., 2012; Martínez-Atienza et
al., 2007; Yang et al., 2009). Furthermore, enhanced tolerance to salinity was
observed in transgenic tobacco plants transformed with Arabidopsis SOS1 gene (Yue
et al., 2012). On the other hand, hypersensitivity to salinity was observed in SOS
genes mutant Arabidopsis plants with SOS1 mutant being the most sensitive (Wu et
al., 1996). These studies indicate that the functions of SOS proteins are also
conserved. Halophytic plants can tolerate high salinity (Ji et al., 2013). The function
of SOS1 has been shown to be essential for the halophytic plant Thellungiella
salsuginea. Reduction in the expression of SOS1 gene in T. salsuginea led to Na+
ions accumulation and consequently to the disability to tolerate high salinity level
that it used to tolerate normally (Ji et al., 2013).
UAE is a natural habitat to many halophytic plants from which target genes can be
isolated. SOS1 gene was isolated from halophyte Salicornia brachiata and
transformed into tobacco, which showed increased tolerance under salinity stress
(Yadav et al., 2012). The goal of this research is to isolate SOS pathway genes from
local halophytic plants of UAE and ultimately transform them into Arabidopsis
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thaliana to assess the ability of these genes in enhancing salinity tolerance. The
plants used in this study includes dicots: Gray Mangrove (Avicennia marina) and
Ghaf (Prosopis cineraria), and the monocot grass known as Thamam (Panicum
turgidum). These plants were chosen because of their ability to tolerate high salinity.
Dicot and a monocot plants were selected in this research aiming to use the isolated
genes to modify the dicot and monocot crops specifically.
Mangroves are shrubs or small trees that inhabit the tropical and subtropical coasts
and grow in saline or brackish water. The mangrove forests cover large areas of
coastline of UAE. The most abundant species in UAE is Avicennia marina which is
found wildly throughout the coastal areas. It has been shown that A. marina is an
obligate halophyte that flourish in a very saline environment. Yet, in fresh water its
growth is minimal with development of necrotic lesions in leaves and shoots
(Nguyen et al., 2015). In fact, the adaptation ability of mangrove plants to
environments with high concentrations of salt have exceeded most plant species
(Reef et al., 2012). For the survival of mangrove plants in such conditions, it seems
to have developed several physiological and morphological adaptation methods
including: secretion of salt via glands on the leaves, accumulation of osmolytes, and
salt elimination (ultrafiltration) through roots (Krishnamurthy et al., 2017). Prosopis
cineraria is a thorny tree that inhabits the arid and semi-arid lands. It is a native tree
of UAE that is known to tolerate abiotic stresses such as heat, drought, and salinity.
Including a local tree that can tolerate abiotic stress is important because learning
from this tree may help improving other crop trees via gene editing.
In addition, grasses are very important as it is used for animal feed, lawn, and in
biofuel production. More importantly, most cereal plants belong to the grass family,
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Poaceae. Panicum turgidum, a perennial grass that is known for its ability to grow in
saline areas and arid lands (Assaeed and Al-Faifi, 2018). Study of local plants of
high tolerance to abiotic stresses, salinity in particular at gene level is important as
these genes can be further exploited to modify crops-of-interest towards high
tolerance to abiotic stresses.
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Chapter 2: Methods
2.1 Total RNA extraction
Avicennia marina, Panicum turgidum, and Prosopis cineraria plants were subjected
to 300 mM NaCl for 72 h for stress induction to increase the expression of salt
induced genes. Leave and root tissues of the stressed plants were collected and
flashed freezed in liquid nitrogen. Plant samples were homogenized and stored at 80oC until further use. Total RNA from these tissues was extracted using modified
CTAB method (Chang et al., 1993). RNA extraction buffer consisted of 2% (w/v)
Hexadecyltrimethylammonium bromide (CTAB), 2% (w/v) Polyvinylpyrolidinone,
100 mM Tris-HCl (pH 8.0), 25 mM EDTA, 2 M NaCl, 500 µg/ml Spermidine, 2%
(v/v) 2-mercaptoethanol, which was added fresh prior to extraction. Ground tissue
powder (100 mg) was added to 1 ml of RNA extraction buffer in 2 ml
microcentrifuge tubes. The tubes were incubated at 65°C for 10 min and followed by
centrifugation at 13K rpm for 10 min. The upper aqueous phase was transferred into
new tubes and was extracted with an equal volume of chloroform: isoamyl alcohol
(24:1) (v/v). The samples were incubated at room temperature (23oC) with slow
agitation for 10 min, then centrifuged at 13K rpm for 8 min. The previous step was
repeated once. The upper aqueous phase was then transferred into 1.5 ml tubes, and
the RNA was precipitated by adding ¼ volume of 10M LiCl and incubating at 4°C
overnight. The RNA was pelleted by centrifuging at 13K rpm for 40 min at 4°C. The
supernatant was removed without disturbing the pellet, which was then washed twice
with 75% (v/v) ethanol and re-suspended in RNase free water. The quantity and
quality of RNA was determined using NanoDrop and gel electrophoresis,
respectively.
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2.2 Amplification of partial fragments of the genes
cDNA of each sample was synthesized using superscript III Reverse Transcriptase
kit (Invitrogen) according to the manufacturer’s instructions. PCR was performed for
each plant cDNA using degenerate primers as shown in Table 1, which also shows
the annealing temperature, and the polymerase used for each PCR reaction. The PCR
was done using Applied Biosystem thermal cycler.

Table 1: Degenerate primers used for PCR reactions to amplify SOS pathway genes
from Avicennia marina, Panicum turgidum and Prosopis cineraria
Gene
name

SOS1

Plant

Primers

Polymerase used

TM

AM, Pc
fragment 1

F= YTGATGAATGATGGGACGGC

Platinum Taq

57

AM, Pc
fragment 2

F= CCTGCTGACTGGCCWACW

Platinum Taq

57

PT

F=GGGACTGCTATTGTTGTSTAYCA

Platinum Taq

54

Platinum Taq

53

Platinum Taq

54

Phusion

55

Platinum Taq

57

R= TCACAACWCGGAGAACCTGA

R= TCWGGCCAKCTCATKARAC

R=TGTCCACTTTACTAYWCCAVTCG
AM, Pc

F=WKGAGTTTGTBACWGGAGGA
R= CAWAATCCTGHCGYCTRTCA

SOS2

PT

F= TTCGCCAAGGTBAAGTTCGC
R= CCRGCRACCTTTCGAACATC

AM
SOS3

F= CSACYRTTCTTGCTGCYGAG
R= CCTTSAGATATGGRAGRGTCA

PT

F= GTGGAAGGAGCAAAACCAGA
R= AAACCCRTCATCKCCMTCTTG
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2.3 Rapid amplification of cDNA ends (RACE)
The obtained partial fragments from the previous PCR were then sequenced using
Macrogen (South Korea) sequencing services. The sequences were blast to NCBI
database to confirm the identity of each sequence. The confirmed sequences were
used to design 5’ and 3’ RACE primers to obtain the remaining fragments of the
expressed genes including the untranslated regions. Table 2 shows the RACE
primers used to amplify the ends of the cDNA genes. Fresh samples of RNA for each
plant (roots) were used to generate 5’and 3’ RACE cDNA using SMARTer RACE
5’/3’ kit (Clontech) according to the manufacturer’s instructions. Touchdown
program was used to amplify the fragments as shown in Table 3. The PCR reactions
were done using BIO-RAD T100 Thermal Cycle. The RACE PCR obtained
fragments were then cloned into p-RACE vector and transformed into Stellar
chemically competent cells (Clontech) as per manufacturer’s instructions. The
transformed bacteria were spread onto LB media containing 50 ng/ml Ampicillin,
1M IPTG (Sigma-Aldrich), 100 mM X-gal (Sigma-Aldrich) and grown overnight at
37oC. White colonies were inoculated into liquid LB media containing 50 ng/ml
Ampicillin and grew overnight at 37oC. Then plasmids were purified using QIAprep
Spin Miniprep kit 250 (QIAGEN) following the manufacturer’s instructions. For
further confirmation of the presence of insert, the plasmids were digested with EcoRI
and HindIII and the sizes of the fragments were analyzed by gel electrophoresis.
Selected colonies were then sequenced for confirmation.
2.4 Amplifying the full-length genes
The sequences were then used to design gene-specific primers to amplify the fulllength of the genes. A specific cloning site was added to each primer for cloning into
the plant expression vector pRI201-AN. The full-length genes were amplified from
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5’ RACE cDNA using Phusion Hot Start Flex DNA Polymerase to produce blunt
ends (New Egland BioLabs). To obtain the constitutive form of SOS1 from
Avicennia marina, primers were designed to amplify the cDNA of SOS1 excluding
the auto-inhibitory domain and the SOS2 phosphorylation domain according to (Feki
et al., 2014).
Table 2: RACE Primers used to amplify the 3' and 5' ends of the genes
Gene

Plant

RACE primers

AM

3’ = GATTACGCCAAGCTTTCCATTGCACCCGACTTTCCCTCATGG

SOS1

5’ = GATTACGCCAAGCTTCCACCGCAGAGTAAAACATCCCCAAAGT
PT

3’ = N/A
5’ = GATTACGCCAAGCTTCGAAGTGCCATGCCTCTCAAAATGGAC

AM

3’ = GATTACGCCAAGCTTCCATGGGACTAAAGGTTCACACACGCA

SOS2

5’ = GATTACGCCAAGCTTACTCAGAAGGATGTTGGTGGTGGCCC
PT

3’ = GATTACGCCAAGCTTCTTCGCCAAGGTCAAGTTCGCCGTC
5’ = GATTACGCCAAGCTTTCCTTTCTGGGACAGTGTGCTAAGTCC

SOS3

PT

3’=GATTACGCCAAGCTTTCTTCCACCCCAAGACGGCCACATC
5’ =GATTACGCCAAGCTTGAGGTTCGCTCGCTTGCTGTTCCTG

Table 3: Touchdown RACE PCR reaction
5 cycles

5 cycles

35 cycles

94°C

72°C

94°C

70°C

72°C

94°C

68°C

72°C

30 s

3 min

30 s

30 s

3 min

30 s

30 s

3 min
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2.5 Cloning of the genes into binary vector for plant transformation
The amplified full length PCR products were then gel purified using QIAquik Gel
Extraction Kit (QIAGEN) according to the manufacturer’s instructions. The purified
products were then cloned into Zero-Blunt II vector using zero blunt TOPO-PCR
cloning kit (Invitrogen) following the manufacturer’s instructions. A ratio of (1
vector: 3 DNA) was used for the cloning. The ligations were incubated overnight at
room temperature (23°C), then were diluted with dH2O at 4-fold dilation. 1µl of the
diluted ligation was used to transform TOP10 Electrocompetent E. coli cells. The
transformed cells were incubated at 37°C on a shaker (225 rmp) for one hour then
plated into LB media containing 50 ng/ml kanamycin, 1M IPTG, 100 mM X-gal and
incubated overnight at 37°C. White colonies were inoculated in LB liquid media
containing 50 ng/ml kanamycin and were incubated on a shaker (225 rpm) at 37°C.
Plasmids were purified using QIAprep Spin Miniprep kit (QIAGEN), then digested
with EcoRI for 1 h to confirm the correct insert size. The plasmids were further
confirmed by PCR using gene specific primers. The positively confirmed plasmids
were then sequenced to confirm the clones with the correct sequence for the entire
protein translation.
Once the full-length cDNA was sequenced and confirmed, 1 µg of the plasmids of
the confirmed colonies as well as the plant expression vector pRI201-AN (Clontech)
were digested with the respective restriction enzymes overnight. The digestions were
run on a 1.2% agarose gel and then the digested fragments were purified using
QIAquik Gel Extraction Kit (QIAGEN).

The purified products (2 µl) were run

again on a 1% agarose gel to examine the purity of the inserted fragments. The
linearized pRI201-AN vector was dephosphorylated then ligated to the purified
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digested cDNA using the Roche Rapid DNA Dephos & Ligation Kit (Roche). A ratio
of (1 vector: 3 DNA) was used for cloning. The ligation was incubated overnight at
room temperature. A 3-fold dilution was used to transform TOP10 Electrocompetent
E. coli cells. The transformed cells were incubated on a shaker (225 rpm) at 37°C for
1 h and then spread on LB media containing 50 ng/ml kanamycin. The plates were
incubated overnight at 37°C. Colony PCR was performed using the gene-specific
primers to select positive colonies. Plasmids from confirmed colonies were purified
and then sequenced for confirmation of the correct sequence.
The confirmed purified plasmids (5 ng/ml) were then transformed into
Electrocompetent Agrobacterium tumefaciens strain GV3101. The transformed cells
were incubated on a shaker (100 rpm) at 28°C 2-3 h. The transformed cultures were
spread on LB–Agrobacteria media containing 50 ng/ml kanamycin and 50 ng/ml
rifampicin, and incubated at 28°C for 48 h. Colony PCR was performed using the
gene-specific primers to select positive colonies. Positive colonies were then used to
make 25% (v/v) glycerol stocks for each construct.
2.6 Agrobacterium tumefaciens mediated transformation of Arabidopsis thaliana
with 35S::AmSOS1, 35S::AmSOS1∆AmS, empty vector pRI 201-AN
Glycerol stocks of confirmed Agrobacterium tumefaciens individually harboring
empty

vector

pRI

201-AN,

pRI

201-AN:35S::AmSOS1,

pRI

201-AN:

35S::AmSOS1∆946 were streaked on LB media plates containing 50 ng/ml
kanamycin and 50 ng/ml rifampicin and were incubated at 28ºC for 48 h. Each clone
was inoculated in 2 ml LB liquid media with respective antibiotics and was incubated
on a shaker (225 rpm) at 28ºC for 48 h. These 2 ml cultures were then added into 200
ml of fresh LB media containing the respective antibiotics, and incubated on a shaker
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(225 rpm) at 28ºC till the OD600 is 0.9-2. The cultures were then centrifuged at 6K
rpm for 10 min to harvest the cells which were then suspended in 5% (w/v) sucrose
solution, and were added with 0.02% Silwet L-77 prior transformation.
Floral dip method was used to transform wild type and mutant Arabidopsis thaliana
(Clough and Bent, 1998). Seeds of Arabidopsis thaliana were thinly sowed into soil
and were grown at 20°C for 5-6 weeks in 16 h/8 h light/dark cycle until plants started
to flower. Before transformation, the seed pods and open flower buds were removed,
then the plants were dipped into the bacterial suspension for 30 seconds with gentle
agitation. The dipped plants were removed from the bacterial suspension and kept
inverted to drain for 5 sec. The plants were laid down on the sides and covered with
plastic wrap for 24 h to maintain high humidity and kept at 20°C in a growth
chamber. Next day the wrap was removed and the plants were kept in the controlled
growth chamber for approximately 4-6 weeks at 22°C in a growth chamber with
watering until the siliques started turning brown, then watering stopped. When the
siliques were completely brown and dry, the seeds were collected (T1).
2.7 Screening for transformants
The seeds collected from transformed Arabidopsis were sterilized with 50X volume
of 20% (v/v) bleach/ 80% water (v/v)/ 0.05% (v/v)/ Tween 20 for 10 min with
shaking. Then rinsed with sterile water 3-4 times (3min each), until the water is clear.
The sterile seeds were then plated onto germination medium containing 1/2 MS, 1%
(w/v) sucrose, 50 ng/ml kanamycin, 300 ng/ml timentin, pH 5.7, and kept at 4°C in
dark for 2 days to scarify. The plates were then incubated in growth chambers with
16-8h light /dark at 22°C for 10 days until all seedlings were grown and
transformants were visually distinguished from the non-transformed seedlings, which
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had bleached cotyledons. The healthy green seedlings were sub-cultured into fresh
MS media containing 30 ng/ml kanamycin to allow faster growth for another week.
The plantlets were then transferred into soil pots and covered with plastic wrap and
kept in the same growth chamber for 10 days. The plastic wrap was removed and the
plants were allowed to grow for another 4-6 weeks until the siliques were all brown
and dry. The T2 seeds were collected from 8-13 independent lines of the constructs
used for transformation
2.8 Phenotyping and functional analysis
For preliminary assessment of T2 lines, the sterile seeds were germinated on MS
media containing 50 ng/ml kanamycin, pH 5.7, and kept at 4°C in dark for 2 days to
scarify, then transferred into continuous light at 20°C for 5 days. Seedlings were then
transferred into MS media containing different concentrations of NaCl (0, 50, 100,
150 mM) for 10 days. The length of each plant was measured to compare the
growing rate of transgenic plants containing empty vector and the transgenic plants
containing AmSOS1 or AmSOS1∆946. In addition, fresh weight of leaves and roots
were also measured for the same comparison.
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Chapter 3: Results
3.1 Putative SOS pathway genes isolated from local plants of UAE
To isolate partial fragments of each gene, degenerate primers were designed
separately for monocots and dicots. These primers were designed to span the
conserved domains of the proteins. Firstly, for SOS1 genes, two overlapping
fragments were amplified that collectively cover 2 Kb of the genes sequence. As for
SOS2 and SOS3 genes, one fragment was amplified for each gene covering around
80% of the gene sequences respectively. As for SOS3 from Avicennia marina,
degenerate primers were unable to amplify the gene. However, analysis of SOS1 and
SOS2 genes of A. marina showed that Sesamum indicum shares the highest sequence
identity. Thus, its SOS3 sequence was used to design specific primers to amplify
SOS3 gene from A. marina. The partial sequences of the obtained genes were then
used to design 3’ and 5’ RACE primers to obtain the 3’ UTR and the 5’UTR of the
genes. For some genes, RACE PCR proved to be difficult as it didn’t succeed to
amplify some fragments. As for A .marina, full-length, including 3’ UTR and the
5’UTR, were obtained for SOS1 and SOS2 using RACE primers. However, no 5’ or
3’ were successfully amplified yet for SOS3 mainly because the partial sequence of
SOS3 which is fairly short (540 bp) has lower GC content (42%) compared with AT
(58%). Thus designing RACE primers is very difficult as it required high GC
content. Furthermore, all the partial genes were successfully amplified from Panicum
turgidum using the degenerate primers designed for monocots. Subsequently, the 5’
UTR and 3’ UTR were amplified for both SOS2 and SOS3 using RACE primers. In
the case of SOS1, only 5’ UTR was amplified. The analysis of the partial sequence of
SOS1 from Panicum turgidum showed that it shared 97% sequence identity to
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another grass species, P. hallii. Thus, the sequence of P. hallii was used to design
specific primers for P. turgidum to obtain the rest of the ORF sequncence. In the case
of P. cineraria, partial sequences of SOS1 and SOS2 were amplified using the
degenerate primers for dicots. The full sequence of SOS1 was then pulled out from a
transcriptomic study results that was done on Prosopis tree by Dr. martin Poulos,
Dr. Rashid Ali and Dr. Khaled Hazzouri in Khalifa Center for Genetic Engineering
and Biotechnology. The list of putative full-length and partial fragments of the SOS
pathway genes (SOS1, SOS2, SOS3) that were obtained is shown in Table 4.
Table 4: The list of partial and full-length genes isolated from Avicennia marina,
Prosopis cineraria, and Panicum turgidum
Name

SOS1

SOS2

SOS3

Avicennia marina

Full sequence

Full sequence

Partial sequence

3952 bp

I975 bp

540 bp

Full sequencce

Full sequence

Full sequence

3500 bp

1990 bp

986 bp

Full sequence

Partial sequence

-

3456 bp

1200 bp

Panicum turgidum

Prosopis cineraria

3.2 Analyses of the SOS pathway genes isolated from local plants of UAE
Basic Local Alignment Search Tool (BLAST)

analysis of the sequence of the

fragments against NCBI database showed high similarities to the SOS pathway genes
of Arabidopsis thaliana. However, the genes from each one of these local plants
were different and showed sequence similarities to the SOS pathway genes from
different plants.
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3.2.1 Putative cDNA homolog to Na+/H+ antiporter SOS1/NHX7
Firstly, the cDNA sequence homolog to SOS1 gene from Avicennia marina, which is
3952 bp including 5’UTR and 3’UTR, was cloned and showed sequence identity of
85%, 83%,78% to Sesamum indicum, Erythranthe guttata, and Solanum pennellii
respectively. Interestingly, the 3’UTR, which contains 532 nucleotides, remains
unique with no similarity to any other known plant SOS1 sequence. AmSOS1 gene
encodes a protein of 1141 amino acids, which is very close to SOS1 of Arabidopsis
thaliana (1146). Putative AmSOS1 protein has an estimated molecular weight of
126.64 kDa and shares 81% and 80% amino acid identity to Sesamum indicum and
Erythranthe gattata respectively. In addition, it shares 68- 69% amino acid identity to
other halophytes: Zygophyllum xanthoxylon, Suaeda japonica, Halogeton glomeratus,
Beta vulgaris, and Chenopodium quinoa. These plant species belong to different plant
Orders, which explains the diversity of the sequences.
BLAST results show two known conserved domains spanning the protein sequence
as shown in Figure 2. These are the transmembrane domain (33-451), which contains
the Na-H- antiporter (NhaP), and the cyclic nucleotide binding domain (CNBD) (766848)

(https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Moreover,

multiple

sequence

alignment of AmSOS1 to AtSOS1 using Clustal Omega showed two other conserved
domains which are the auto-inhibitory domain (1003-1042) and the SOS2
phosphorylation site (S2P) (1127-1139) (https://www.ebi.ac.uk/Tools/msa/clustalo/).
These structure findings are all consistent with AtSOS1 protein and show that
AmSOS1 is an ortholog of AtSOS1.
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Figure 2: Schematic representation of A. marina SOS1 protein structure
To further investigate the structure of AmSOS1, the online software “Protter” for
interactive protein feature visualization analysis was used to identify the membrane
spanning domains. As shown in Figure 3(B), AmSOS1 protein N-terminal starts with
a signal peptide composed of 18 amino acids starting from methionine and ending at
alanine. It also revealed that AmSOS1contains 13 membrane spanning domains that
include the amino acids starting from asparagine 33 to leucine 451. AmSOS1 has
seven N-glyco motifs, four of which are in the membrane spanning region, and three
are in the tail (http://wlab.ethz.ch/protter/start/). The N-glycosylation is the
attachment of glycan (oligosaccharide) to a nitrogen atom of asparagine
(https://www.uniprot.org/help/carbohyd).
Furthermore, analyzing AmSOS1 protein in TMpred online program shows that the
N-terminal of AmSOS1 is highly hydrophobic and it has 12 conserved
transmembrane domains instead of 13 as shown in Figure 3 (A) (https://embnet.vitalit.ch/software/TMPRED_form.html).

The N-terminal transmembrane domain is

followed by a long hydrophilic tail containing the cyclic nucleotide binding domain
(CNBD).
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A

B

Figure 3: Prediction of AmSOS1 transmembrane spanning domain. (A) hydrophobicity
plot of AmSOS1 using TMpred. (B) Visualization of proteoform and interactive
integration of AmSOS1 using Protter.

The conserved domains of AmSOS1 are shown in Figures 4 and 5. As it is shown in
the Figures, which were obtained using multiple sequence alignment online software,
Clustal Omega, AmSOS1 shows high similarity in the N-terminal region to AtSOS1.
However, the C-terminal regulatory region appears to have more variations. The four
conserved domains are indicated in bold font in the Figures. Figure 4 shows the 12
membrane spanning domains. Most of the transmembrane domains show high
similarities to Arabidopsis thaliana with transmembrane domains number 6 and 10
are being the most diverse and different than that of AtSOS1. Moreover, Figure 5
shows the CNBD, auto-inhibitory domain, and SOS2 binding domain of AmSOS1
aligned

with

AtSOS1

and

PcSOS1

using

Clustal

Omega

(https://www.ebi.ac.uk/Tools/msa/clustalo/). As shown in the Figure, the CNBD of
AmSOS1 is very similar to AtSOS1. The auto-inhibitory domain shows more
sequence variance from AtSOS1, plus AmSOS1 has extra amino acids (underlined).
The SOS2 binding domain also is very similar to AtSOS1 and contains the SPS
residues that are very important for phosphorylation by SOS2 to relief the protein
from the auto-inhibition.

24

Figure 4: N- terminal of AmSOS1 aligned with Arabidopsis thaliana SOS1 protein
(AtSOS1) and Prosopis cineraria SOS1 protein (PcSOS1) using Clustal omega
multiple sequence alignment program. Predicted membrane spanning domains are in
bold according to previously predicted AtSOS1 transmembrane domains (Shi et al.,
2000).

Secondly, the putative SOS1 of Prosopis cineraria (PcSOS1) is 3456 bp and encodes
a Na+/ H+ antiporter of 1151aa (127.77 kDa) that shares highest identity of 81% and
79% to Glycine max and Vigna angularis respectively. All of these plants belong to
the same family (Fabaceae) which explains the high similarity. Similarly, to
AmSOS1, it also shares 67-69% identity to other halophytic plants including;
Zygophyllum
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xanthoxylon, Sesuvium portulacastru, Halogeton glomeratus, Beta vulgaris,
Chenopodium quinoa, and Suaeda japonica. Furthermore, structural analysis of
PcSOS1 protein via Smart BLAST revealed two conserved domains as shown in
Figure 6. These are the transmembrane domain (42-457), which contains a Na+/ H+
antiporter (NhaP), and cyclic nucleotide binding domain (CNBD) (768-849).
(https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Figure 5: C-terminal of AmSOS1 aligned with Arabidopsis thaliana SOS1 protein
(AtSOS1) and Prosopis cineraria SOS1 protein (PcSOS1) using Clustal Omega
multiple sequence alignment program. Predicted CNBD, auto-inhibitory domain, and
SOS2 binding domain according to the previously published AtSOS1 domains
(Quintero et al., 2011).
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Figure 6: Schematic representation of P. cineraria PcSOS1 protein structure

Moreover, multiple sequence alignment of PcSOS1 to AtSOS1 using Clustal Omega
showed two other conserved domains which are the auto-inhibitory domain (10111051),

and

SOS2

phosphorylation

site

(S2P)

(1132-1148)

(https://www.ebi.ac.uk/Tools/msa/clustalo/). As shown in Figure 7(B), using the
online software “Protter”, the N-terminal of PcSOS1 protein contains 13 membrane
spanning domains that include the amino acids starting from valine 42 to leucine
457. This is followed by a long hydrophilic tail containing the cyclic nucleotide
binding domain (CNBD). PcSOS1 has eight N-glyco motifs, four of which are in the
membrane spanning region, and four are in the tail (http://wlab.ethz.ch/protter/start/).
However, analyzing PcSOS1 protein in TMpred online program shows that the Nterminal of PcSOS1 is also highly hydrophobic and it has 12 conserved
transmembrane domains instead of 13 as shown in Figure 7 (A).
(A)

(B)

Figure 7: Prediction of PcSOS1 transmembrane spanning domain. (A) hydrophobicity
plot of PcSOS1 using TMpred. (B) Visualization of proteoform and interactive
integration of PcSOS1 using Protter.
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The conserved domains of PcSOS1 are shown in Figures 4 and 5. Compared to
AtSOS1 and AmSOS1, PcSOS1 shows high similarity in the N-terminal region but
more variations in the sequence are observed in the C-terminal region. The four
conserved domains are indicated in bold font in the graphs. Figure 4 shows the 12
membrane spanning domains. Figure 5 shows the CNBD, auto-inhibitory domain,
and SOS2 binding domain (https://www.ebi.ac.uk/Tools/msa/clustalo/). Interestingly,
PcSOS1 has more similar structure to AmSOS1 as it also has the extra residues in the
auto-inhibitory domain.
Lastly, a cDNA homologous to SOS1 gene isolated from the grass Panicum turgidum
is 3.5 kb including 5’ UTR. This gene is predicted to encode a 1150aa putative SOS1
protein (PtSOS1) with molecular weight of 127.84 kDa and shares 97%,91%,89%
identity to Panicum hallii, Setaria italica and Distichlis spicata respectively. The
similarity to Panicum hallii is very high as they belong to the same Genus (Panicum).
Structural analysis using Smart BLASTp showed two conserved domains spanning
the protein sequence as shown in Figure 8. These are the transmembrane domain
(18-437), which contains the Na+/ H+ antiporter (NhaP), and cyclic nucleotide
binding

domain

(CNBD)

(753-833)

(https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Furthermore, multiple sequence alignment of PtSOS1 to SOS1 of Oryza sativa
(OsSOS1) using Clustal Omega showed two other conserved domains which are the
auto-inhibitory domain (994-1043), and the SOS2 phosphorylation site (S2P) (11201135) (https://www.ebi.ac.uk/Tools/msa/clustalo/). Overall, the protein structure of
Panicum turgidum is very similar to that of Oryza sativa.
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Figure 8: Schematic representation of P.turgium PtSOS1 protein structure

As shown in Figure 9(B), the online software “Protter” for interactive protein feature
visualization analysis showed that PtSOS1 protein N-terminal contains 13 membrane
spanning domains that include the amino acids starting from alanine 18 to glycine
437. The N-terminal domain is followed by a long hydrophilic tail containing the
cyclic nucleotide binding domain (CNBD). PtSOS1 has only three N-glyco motifs,
two of which are in the membrane spanning region, and one is in the tail
(http://wlab.ethz.ch/protter/start/).
(A)

(B)

Figure 9: Prediction of PtSOS1 transmembrane spanning domain. (A) hydrophobicity
plot of PtSOS1 using TMpred (B) Visualization of proteoform and interactive
integration of Ptsos1 using Protter.

Furthermore, analyzing PtSOS1 protein in TMpred online program shows that the Nterminal of PtSOS1 is also highly hydrophobic and it has 12 conserved membrane
spanning domains. Comparing PtSOS1 to PhSOS1 revealed that PhSOS1 has shorter
N-terminal domain as shown in Figure 10. This might be useful for further
investigation considering that Panicum hallii is salt sensitive, whereas Panicum
turgidum is salt tolerant.
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Figure 11: Visualization of proteoform and interactive integration of PhSOS1 using
Protter.
In addition, the conserved domains of PtSOS1 are shown in Figures 11 and 12.
Compared to OsSOS1, PtSOS1 shows high similarity in both the N-terminal and Cterminal regions display minor variations in the C-terminal. The four conserved
domains are indicated in bold font in the graphs. Figure 11 shows the 12 membrane
spanning domains which share high similarity to OsSOS1.

Figure 10: N-terminal of PtSOS1 aligned with Oryza sativa SOS1 protein (OsSOS1)
using Clustal Omega multiple sequence alignment program. Predicted membrane
spanning domains are in bold according to previously predicted AtSOS1
transmembrane domains (Shi et al., 2000).
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Figure 12 shows the CNBD, auto-inhibitory domain, and SOS2 binding domain
(https://www.ebi.ac.uk/Tools/msa/clustalo/). As shown in the figure, the CNBD and
the SOS2 phosphorylation site of PtSOS1 are very similar to that of OsSOS1.
However, the auto-inhibitory domain is different from OsSOS1 as PtSOS1 has a
deletion of four residues (underlines).

Figure 12: C-terminal of PtSOS1 aligned with Oryza sativa SOS1 protein (OsSOS1)
using Clustal Omega multiple sequence alignment program. Predicted CNBD, autoinhibitory domain, and SOS2 binding domain according to the previously published
AtSOS1 domains (Quintero et al., 2011).

When comparing PtSOS1 with PhSOS1, the N-terminal is very similar, except as
mentioned before that PhSOS1 has a shorter N-terminal than PtSOS1. However, the
C-terminal (Figure 13) is slightly different, in which PtSOS1 has a deletion of three
residues in the auto-inhibitory domain (underlined). Yet, this deletion is different than
the one compared to OsSOS1 in the previous Figure 12.
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In addition, here are few substitutions in the same domain. Importantly, the SOS2
phosphorylation domain is identical.

Figure 13: PtSOS1 aligned with PhSOS1 using Clustal omega multiple sequence
alignment program. Predicted auto-inhibitory domain, and SOS2 binding domain are
shown in bold according to the previously published AtSOS1 domains.

Overall, the structural analysis of the isolated SOS1 proteins from UAE local plant:
AmSOS1, PcSOS1, and PtSOS1 revealed that the sequence variations are found
mostly in the auto-inhibitory domain. To gain some insight into the evolutionary
relationship of AmSOS1, PtSOS1, and PcSOS1 relative to previously published
SOS1 proteins, a phylogenetic tree was built using MEGA7.0.26 software. The
protein sequences of SOS1 from A. marina, P. turgidum, P. cineraria, the plants with
the closest identity percentage for each of them, the model plant for monocots (O.
sativa) and dicots (A. thaliana), and some halophytes were aligned to produce the
phylogenetic tree (Figure 14). SOS1 proteins from Avicennia marina, Sesamum
indicum and Erythranthe gattata are clustered together as they are form the same
order. SOS1 protein from Prosopis cineraria tree is shown to be closely related to
Glycine max as they are from the same plant family. Furthermore, the monocots
were clustered together where SOS1 from Panicum turgidum is shown to be closely
related to Panicum hallii.
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Figure 14: Phylogenetic tree of SOS1 proteins. the plants include: AmSOS1,
PcSOS1, PtSOS1, PhSOS1- Panicum halii (PAN22137.1), OsSOS1-Oryza sativa
(XP_015619351.1), Zxsos1-zygophyllum xanthoxylon (ACZ57357.1), AtSOS1Arabidopsis
thaliana
(1032297217),
HgSOS1-Halogeton
glomeratus
(AMK51995.1), CqSOS1-Chenopodium quinoa (ACN66494.1), SpSOS1- Sesuvium
portulacastrum (AFX68848.1), GmSOS1-Glycin max (AFD64746.1), SlSOS1Solanum lycopersicum (NP_001234698.2), NaSOS1- Nicotina attenuata
(XP_019247288.1), SiSOS1-sesamum indicum (XP_011070515.1), EgSOS1Erythranthe gattata (XP_012846087.1). AmSOS1, PcSOS1, and PtSOS1 are
indicated with black arrows. AtSOS1 is indicated with black circle. The
phylogenetic tree was produced using MEGA7.0.26 software based on full-length
protein multiple alignment. Poisson correction method was used to calculate the
evolutionary distance in the units of the number of amino acid substitutions per site.
3.2.2 cDNA homolog to serine/ threonine protein kinase 24/ SOS2
Firstly, putative SOS2 cDNA isolated from A. marina is 1975 bp, including the 5’
UTR and 3’UTR regions. The encoded protein is 446aa and has estimated molecular
weight of 50.52 kDa, which is consistent with SOS2 protein of Arabidopsis thaliana
(446aa - 50.64kDa).

AmSOS1 shares 86%, 85%, 81% identity with Sesamum

indicum, Erythranthe guttata, and Solanum tuberosum respectively. To analyze
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AmSOS2, Smart BLASTp was used to find conserved domains. Results
showed that putative AmSOS2 protein N-terminal is predicted to have a catalytic
domain starting from amino acid 11-tyrosine to 264-phenylalanine as shown in
Figure 15. This domain is predicted to have an activation loop homologous to that of
AtSOS2, starting from 152-aspartate to 179-glutamate, followed by the SOS3binding FISL motif, which starts from 311-asparagine to 328-phenylalanine. The Cterminal is predicted to have the regulatory domain homologous to AtSOS2, which
contains the PPI motif including the sequences from 335-lysine to 365-valine.

Figure 15: Schematic representation of AmSOS2. Indicated are the predicted kinase
domain, the activation loop, FISL motif, PPI motif, and the regulatory domain
according to the published AtSOS2 protein (Guo et al., 2001, Ohta et al., 2003).

To further analyze the protein sequence of AmSOS2, it has been aligned with
AtSOS2 (Figure 16). AmSOS2 sequence shows great similarity in both the catalytic
domain and regulatory domain. The activation loop, and FISL motif (in bold) are
also very conserved with only one amino acid difference between them in FISL motif
and three amino acids difference in the activation loop. The PPI motif however is
very different as more variations can be seen between the two proteins sequences.
Whether these variations have biological importance or play a role in
enhancing/decreasing the efficiency of the protein performance is still unknown.
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Figure 16: AmSOS2 aligned with Arabidopsis thaliana SOS2 protein (AtSOS2)
using Clustal omega multiple sequence alignment program. Predicted activation loop
and FISL motif are underlined in bold according to published AtSOS2 activation
loop and FISL motif (Guo et al., 2001, Ohta et al., 2003).

Secondly,

putative SOS2 cDNA isolated from Panicum turgidum is 1990 bp

including the 5’UTR and 3’UTR regions. The encoded protein is 451aa and is
predicted to weigh 50.76 kDa. BLASTp showed that PtSOS1 shares 90%,89%,86%
identity with Sorghum bicolor, Panicum hallii, and Dichanthelium oligosanthes
respectively. Smart BLAST shown that putative PtSOS2 protein N-terminal is
predicted to have a catalytic domain starting from amino acid 14-tyrosine to 267phenylalanine as shown in Figure 17. This domain is predicted to have an activation
loop homologous to that of OsSOS2, starting from 155- aspartate to 182-glutamate,
followed by the SOS3-binding FISL motif, which starts from 316-asparagine to 333-
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phenylalanine. The C-terminal is predicted to have the regulatory domain
homologous to OsSOS2, which contains PPI motif that spans the sequence from 341-

Figure 17: Schematic representation of PtSOS2. Indicated are the predicted kinase
domain, the activation loop, FISL motif, PPI motif, and the regulatory domain
according to the published AtSOS2 protein (Guo et al., 2001, Ohta et al., 2003).
asparagine to 369-arginine.

To analyze the structure of PtSOS1, its sequence was aligned to OsSOS1 using
Clustal Omega (Figure 18). PtSOS1 shares high similarities to OsSOS1 in both the
catalytic and regulatory domains. The activation loop, FISL motif, and PPI motif (in
bold) are also very conserved with only two amino acids difference between them in
the activation loop, while the FISL motif is 100% identical and the PPI motif having
only three amino acid differences.
Interestingly, sequencing of 18 different PtSOS2 cDNA clones revealed four
different isoforms of SOS2 in Panicum turgidum as shown in Figure 19. The
isoforms have differences in five amino acids that have resulted from variations as
follows: D190N, F242L, R282C, G137D, A369V. The last variations are in the PPI
motif. The nature of these variations is currently unknown. They could represent the
heterogeneity of the genome or the ploidy of this grass could also be the reason for
the variation in the sequence of the same gene as most grasses are polypoid. More
sequences from different plants are needed to confirm this observation.
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Figure 19: PtSOS2 aligned with Oryza sativa SOS2 protein (OsSOS2) using
Clustal Omega multiple sequence alignment program. Predicted activation loop,
FISL motif, and PPI motif are underlined in bold according to published AtSOS2
activation loop, FISL motif and PPI motif (Guo et al., 2001, Ohta et al., 2003).

Figure 18: Isoforms of PtSOS2. Four different cDNA sequences for PtSOS2 from
four different clones are aligned using Clustal omega multiple sequence alignment
program.
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To study the evolutionary relationship of AmSOS2, and PtSOS2, their sequences

were aligned to previously published SOS2 proteins from other plants. The plants to
be compared to were chosen in the same manner as for the evolutionary tree of
SOS1. MEGA7.0.26 software was used to produce the phylogenetic tree (Figure 20).
AmSOS2 has a similar pattern to AmSOS1 as it appears to be clustered with
Sesamum indicum and Erythranthe gattata. SOS2 from Panicum turgidum appears to
be closely related to other monocots, Panicum hallii and Oryza sativa.

Figure 20: Phylogenetic tree of SOS2 proteins from plants. AmSOS2, PtSOS2,
PhSOS2-Panicum hallii (PAN23398.1), OsSOS2-Oryza sativa (KP330207.1),
AtSOS2-Arabidopsis
thaliana
(1032297217),
BnSOS2-Brassica
napus
(NP_001302668.1), StSOS2- Solanum tuberosum (XP_006345226.1), SoSOS2Spinacia oleracea (KNA11833.1), ZmSOS2- Zea mays (NP_001333781.1 ),
CqSOS2-Chenopodium
quinoa
(P_021760793.1),
GmSOS1-Glycin
max
(AFD64746.1), NaSOS1, SiSOS1-Sesamum indicum (P_011078405.1), HiSOS2Handroanthus impetiginosus (PIN26705.1) EgSOS1-Erythranthe gattata
(XP_012854635.1),VvSOS2- Vitis vinifera (NP_001268145.1), BvSOS2- Beta
vulgaris (KMT02853.1), CaSOS2- Capsicum annuum (PHT73776.1). AmSOS2 and
PtSOS2 are indicated with black arrows. AtSOS2 is indicated with black circle. The
phylogenetic tree was produced using MEGA7.0.26 software based on full-length
protein multiple alignment. Poisson correction method was used to calculate the
evolutionary distance in the units of the number of amino acid substitutions per site.
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3.2.3 cDNA homologous to calcineurin B-like protein 4/ SOS3
Firstly, partial cDNA sequence of 548 bp homologous to Arabidopsis thaliana SOS3
was isolated from Avicennia marina. The cDNA is missing around 69 nucleotides in
the N- terminal and 75 nucleotides in the C-terminal of the coding region. However,
partial protein sequence was obtained by aligning this sequence to the SOS3 cDNA
sequence of Arabidopsis thaliana. The resulting partial protein sequence is 174aa
and is missing around 23aa in the N-terminal and 25aa in the C-terminal. BLASTp
search showed that AmSOS3 shares 89%,88%,84% identity with Erythranthe
guttata, Olea europaea, and Solanum tuberosum respectively.

Figure 21: AmsSOS3 aligned with Arabidopsis thaliana SOS3 protein (AtSOS3)
using Clustal omega multiple sequence alignment program. Predicted EF-hand (in
bold) and residues for Ca+ binding are indicated with inverted triangles according to
Sanchiz 2005.
When aligned to AtSOS3, the partial AmSOS3 protein sequence shows high
similarity to AtSOS3 despite parts of N-terminal and C-terminal are missing due to
incomplete sequence as shown in Figure 21. As shown in the Figure, the first three
EF-hands (in bold) share high similarity with that of AtSOS3. However, the
fourthEF-hand shares only 58% similarity to the forth EF-hand of AtSOS3. The five
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residues that are predicted to bind to Ca+ (X, Y, Z, -Y, -X, -Z) according to Sanchiz,
2005 are indicated by inverted triangles respectively. The Ca+ binding residues are
100% conserved in the first two EF-hands as compared to AtSOS3. However, in the
third EF hand, AmSOS3 Ca+ binding site (–Y) has F amino acid instead of Y, and in
the fourth EF-hand, AmSOS3 Ca+ binding sites (Y, -Y) has N and R instead Ks
respectively.
Moreover, full-length cDNA sequence of 986 bp including the 5’UTR and 3’ UTR
homologous to A. thaliana SOS3 was isolated from Panicum turgidum. The protein
sequence for Panicum turgidum (211aa) and shares 88%, 87%, 86% identity with
Setaria italic, Panicum hallii, and Sorghum respectively. When aligned to OsSOS3,
PtSOS3 protein sequence shows high similarity to OsSOS3. As shown in Figure 22,
the first EF-hand (in bold) shares high similarity with that of OsSOS3. The five
residues that are predicted to bind to Ca+ (X, Y, Z, -Y, -X, -Z) according to Sanchiz
(2005) are indicated by inverted triangles respectively.

Figure 22: PtsSOS3 aligned with Oryza Sativa SOS3 protein (OsSOS3) using
Clustal Omega multiple sequence alignment program. Predicted EF-hand (in bold)
and residues for Ca+ binding are indicated with inverted triangles according to
Sanchiz 2005.
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The Ca+ binding residues are 100% conserved in the first and third EF-hands
compared to OsSOS3. However, in the second EF hand, PtSOS3 Ca+ binding site (–
x) has D amino acid instead of E, and in the fourth EF-hand, PtSOS3 Ca+ binding
site (-Y) has K instead of R.
The evolutionary relationship of AmSOS3, and PtSOS3 in relative to previously
published SOS3 proteins from other plants is shown in Figure 23. AmSOS3 is shown
to be closely related to Olea europaea and Erythranthe guttata.

SOS3 from

Arabidopsis is closely related to other monocots, Sorghum bicolor and Zea mays.

Figure 23: Phylogenetic tree of SOS3 proteins from plants. AmSOS2, PtSOS2,
DoSOS3-Dichanthelium oligosanthes (OEL27732.1), SbSOS3- Sorghum bicolor
(XP_021302883.1), SiSOS3- Setaria italic (XP_004961399.1), PhSOS3- Panicum
hallii (PAN18431.1), ZmSOS3- Zea mays (NP_001150076.1), OeSOS3- Olea
europaea (XP_022887026.1), EgSOS3- Erythranthe guttata (XP_012852071.1),
NsSOS3- Nicotiana sylvestris (XP_009798376.1), St- Solanum tuberosum
(XP_006350549.1), AtSOS3-Arabidopsis thaliana (NP_197815.1). AmSOS3 and
PtSOS3 are indicated with black arrows. AtSOS3 is indicated with black circle. The
phylogenetic tree was produced using MEGA7.0.26 software based on full-length
protein multiple alignment. Poisson correction method was used to calculate the
evolutionary distance in the units of the number of amino acid substitutions per site.
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3.3 Overexpression of AmSOS1 and AmSOS1∆946 in wild type and sos1-1
mutant Arabidopsis thaliana
For preliminary functional analysis of SOS1 from Avicennia marina, it was
overexpressed in mutant and wild type Arabidopsis thaliana. First, the AmSOS1 and
its constitutive form (AmSOS1∆946) were cloned into the Agrobacterium binary
vector pRI 201-AN, which confers Kanamycin resistance as a selection marker, then
transformed into TOP10 E. coli. The plant expression constructs were isolated and
sequenced. The constructs were then transformed into Agrobacterium tumefaciens
GV3101 strain. The empty binary vector pRI 201-AN is also transformed as control.
These Agrobacteria were then used to transform unopened flowers of wild type and
sos1-1 mutant Arabidopsis thaliana using floral dip method (Clough and Bent,
1998). The collected T1 seeds were grown on MS media with 50 ng/ml kanamycin
for the selection of multiple transformants. The selected T1 lines were then grown
for 8 weeks to produce T2 seeds.
To assess whether the AmSOS1 can confer salt tolerance and rescue the salt
hypersensitivity phenotype of sos1 mutant, T2 seeds were then collected and
germinated on MS media with 50 ng/ml kanamycin. Five days old seedlings were
then transferred onto MS media with different concentrations of NaCl. For rescue
experiment, the transformed mutant Arabidopsis were transferred onto plates
containing 0, 50, or 100 mM NaCl, as they are very sensitive to salt. On the other
hand, the transformed wild type Arabidopsis were transferred into plates containing
0, 100, or 150 mM NaCl to analyze their ability to enhance salt tolerance. As shown
in Figure 24, after 10 days, sos1-1 mutant Arabidopsis transformed with empty
vector, and sos1-1:35S::AmSOS1 grew normally on MS media with no NaCl.
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However, mutants with empty vector showed impaired growth in media with 50 or
100 mM NaCl, whereas sos1-1 + 35S::AmSOS1 lines 1 and 3 continued to grow.
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Figure 24: Genotypic and phenotypic analysis of the transgenic lines. (A)(B)(C) 5
days seedlings (sos1-1 mutant Arabidopsis with empty vector Pri201-AN, sos11:35S::AmSOS1 lines 1, 3) grown on MS media supplemented with 0, 50, 100 mM
NaCl for 10 days. (D) Genotyping of transgenic lines via PCR using specific primers
to amplify AmSOS1 (0.4Kb) from non-transgenic WT, positive control, mutant with
empty vector, and sos1-1:35S::AmSOS1 lines 1, 3. (E) Average root length of three
plants in mm. (F) Total weight of fresh leaves of three plants in mg.(G) Total weight
of fresh roots of tree plants in mg.
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Furthermore, measurements of roots length, and fresh weight of both leaves and
roots for sos1-1:35S::AmSOS1 in 50 or 100 mM NaCl were higher than those of the
mutants with empty vector (Figure. 24, E, F, G). This indicates that AmSOS1 is
expressed in the mutants and it was able to rescue the phenotype of sos1-1 mutant
Arabidopsis. Hence, confirming that is a true ortholog of At SOS1.
To test the ability of AmSOS1 in enhancing salt tolerance, the growth of wild type
Arabidopsis transformed with binary empty vector pRI 201-AN, AmSOS1, or with
the constitutive form AmSOS1∆946 was analyzed. 5 days old T2 seedlings were
grown on MS media supplemented with 0, 100, or 150 mM NaCl (Figure 25).
Compared to plants transformed with empty vector, the plants transformed with
AmSOS1 and AmSOS1∆946 in 100 NaCl continued to grow better and looked
greener. The growth of plants with empty vector was arrested in 150 mM NaCl,
whereas the plants with AmSOS1 and AmSOS1∆946 continued to grow. Furthermore,
the plants with AmSOS1∆946 grew much better and greener. This indicates that
overexpressing the AmSOS1 improves the salt tolerance in wild type Arabidopsis
thaliana. It also indicates that AmSOS1∆946 is expressed in the wild type
Arabidopsis thaliana and improved the salt tolerance ever greater than AmSOS1.
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Figure 25: Genotypic and phenotypic analysis of the transgenic lines. (A)(B)(C) 5
days seedlings (wild type Arabidopsis with empty vector pRI201-AN,
wt:35S::AmSOS1 line 1, wt:35S:: AmSOS1∆946 line 8 grown on MS media
supplemented with 0, 100, 150mM NaCl for 10 days. (D) confirmation of
transgenic lines via PCR using specific primers to amplify AmSOS1 (0.4 Kb) from
non-transgenic WT, positive control, empty vector, wt:35S::AmSOS1 lines 1,
wt:35S:: AmSOS1∆946 line 8. (E) Average root length of three plants in mm. (F)
Total weight of fresh leaves of three plants in mg.(G) Total weight of fresh roots of
tree plants in mg.
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Chapter 4: Discussion
4.1 Na+/H+ antiporter protein SOS1/NHX7
According to (Shi et al., 2000), SOS1 cDNA from Arabidopsis thaliana encodes a
1146aa Na+/H+ antiporter protein, which theoretically weighs 127 kDa. The Nterminal of AtSOS1 is predicted to be highly hydrophobic and contains 12
transmembrane domains. Whereas, the C-terminal is predicted to be hydrophilic and
contains three conserved domains; CNBD, auto-inhibitory domain, and SOS2phosphorylation domain (Quintero et al., 2011). In this study, homologous genes to
SOS1 that encodes a putative Na+/H+ antiporter were isolated from Avicennia
marina, Prosopis Cineraria, and Panicum turgidum.
The SOS1 cDNA isolated from Avicennia marina is 3952 bp including the 5’ and 5’
UTR. It encodes a protein of 1141aa which is theoretically predicted to weigh
126.64 kDa. The cDNA sequence is similar to published sequence of Arabidopsis
thaliana and other plants. However, the 3’ UTR is unique and has no similarities to
any other SOS1 3’ UTR from other plants. To investigate whether this UTR affects
the stability or other regulatory features of this mRNA, more studies will be
implemented. Furthermore, the protein AmSOS1 is very similar to AtSOS1 and it
contains all the domains of SOS1 proteins. The highest sequence identity to
AmSOS1 was for Sesamum indicum and Erythranthe guttata, which share 80%
identity to AmSOS1. Avicennia marina and both of those two plants belong to the
same order (Lamiales), which explains the sequence similarities. Moreover, the Nterminal of AmSOS1 shares great similarity with AtSOS1 yet it starts with a signal
peptide that AtSOS1 does not contain. This signal peptide is important for the
translocation of the protein into the cellular membrane of the plant cells (Breiden and
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Simon, 2016). The signal peptide might play a role in protecting the protein from
proteolysis by masking their sequences that are recognized by proteases (Breiden and
Simon, 2016). Other SOS1 proteins from different plants are found to have signal
peptides, yet, AmSOS1 signal peptide is very different from them (Figure 26).
However, interestingly, the signal peptide of AmSOS1 shares some similarity with
that of Na+-dependent transporter of Bradyrhizobium, which is a soil bacteria that
can tolerate high level of salinity (Figure 27) (Dong et al., 2017). This similarity
might give hints into the potential novel functions of this signal peptide, and its

Figure 26: Alignment of the signal peptide sequences of AmSOS1, Chenopodium
quinoa (ACN66494.1), Beta vulgaris (XP_010680103.1) using Clustal omega
multiple sequence alignment program.

Figure 27: Alignment of the signal peptide sequences of AmSOS1 and
Bradyrhizobium sp. TSA1 (WP_100175668.1) using Clustal Omega multiple
sequence alignment program.
relation with salt tolerance.

The C-terminal has more variations in the sequence especially in the auto-inhibitory
domain. AmSOS1 has five extra amino acids as shown in Figure 28 (underlined).
This might affect the function of this domain. Further investigations are going to be
done to understand the effect of these differences. According to (Quintero et al.,
2011)), the serine amino acid (S1138) is crucial for the phosphorylation of SOS1 by
SOS2, a serine/threonine protein kinase . In the case of AmSOS1, it has the serine
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amino acid followed immediately by a residue, another potential substrate for
phosphorylation (Figure 29). This might strengthen the phosphorylation chances for
SOS1, thus relieving the auto-inhibition of the antiporter. Yet this theory needs to be
confirmed by further investigation.
Overall, lessons from this protein sequences can be used for gene editing of the crop
plants. Tomato is one of the plants that would come up in the blast search with
identity of 72%. Hence, comparing the sequences of these two plants might give
insights for the gene editing of tomato plants.

Figure 29: Auto-inhibitory domain of Amsos1 aligned with the same domain of
AtSOS1 and PcSOS1 using Clustal Omega multiple sequence alignment program.

Figure 28: SOS2 phosphorylation domain of Amsos1 aligned with the same domain
of AtSOS1 and PcSOS1 using Clustal Omega multiple sequence alignment program.

The SOS1 homolog gene isolated from Prosopis cineraria is 3456 bp excluding the
5’and 3’ UTRs. It shares good similarity with AtSOS1 and it contains all the
conserved domains. The protein sequence is 1151aa and is predicted to weight
127.77 kDa. It shares 81% and 79% identity to Glycine max and Vigna angularis
respectively. They all belong to the same family, which explains the similarity.
Compared with AtSOS1 and AmSOS1, PcSOS1 shows similar phenomena to
AmSOS1 in the auto-inhibitory domain as it also contains five extra amino acids in
this domain (underlined) (Figure 28). Moreover, similarly to AmSOS2, PcSOS1 also
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has a threonine after the normally phosphorylated serine (Figure 29). The protein
sequence of this tree can be used to pinpoint possible nucleotides for gene editing of
related plants such as soybean to increase salt tolerance.
The homolog SOS1 gene isolated from Panicum turgidum is 3453 bp and encodes a
putative Na+/ H+ antiporter of 1150 aa, which is theoretically predicted to weight
127.84 kDa. It shares 97%, 91% and 89% identity to Panicum hallii, Setaria italica
and Distichlis spicata respectively. The protein sequence of Panicum turgidum is
very similar to that of Panicum hallii. While Panicum turgidum is known to be salt
tolerant, Panicum hallii is salt sensitive. The difference in the protein sequences is
counted for 3% only, in 31 amino acids. Hence, these differences can be studied to
determine if they contribute to greater salt tolerance and used to target gene editing
of Panicum hallii, which is used as a model for biosynthesis of biofuels (Meyer et
al., 2012).
4.2 Serine / threonine protein kinase 24/ SOS2
SOS2 is a serine / threonine protein kinase that is critical for salt tolerance in plants.
AtSOS2 N-terminal catalytic domain contains an activation loop followed by the
FISL motif and PPI motif in the C-terminal regulatory domain (Guo et al., 2001).
cDNA homologous to SOS2 gene were isolated from Avicennia marina and Panicum
turgidum. Both of them are very similar to AtSOS2. However, AmSOS2 shows more
sequence variations in the PPI motif as shown in Figure 15. The PPI motif is
important for the interaction with protein phosphatase 2C (PP2C). Further
investigation of this PPI motif of AmSOS2 must be done to find out whether this
sequence variation has significant role in salt tolerance of Avicennia marina.
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4.3 cDNA homolog to calcineurin B-like protein 4/ SOS3
SOS3 is a member of the family of EF-hand type calcium binding proteins, (Ishitani
et al., 2000). AtSOS3 has four EF-hand motifs that bind Ca+ (Sanchez-Barrena et al.,
2005). In this study, SOS3 homolog proteins were isolated from Avicennia marina
and Panicum turgidum. Both of which are similar to AtSOS3. Few differences are
found in the calcium binding sites as shown in Figure 18, and 19. Difference in
amino acids in the EF-hand may affect the overall protein structure and thus affect
the binding efficiency of calcium ions and the overall function of the protein
(Rivandi et al., 2011). To understand the effect of the observed variations, more
research is needed.
4.4 Overexpression of AmSOS1 and its constitutive form in wild type and
mutant Arabidopsis thaliana
The SOS signaling pathway is shown to be important for maintaining Na+/K+
homeostasis during salt tress. All proteins (SOS1, SOS2, SOS3) involved in this
pathway are crucial. Overexpression of one or more of these genes has been shown
to increase the salt tolerance in Arabidopsis thaliana (Huertas et al., 2012; MartínezAtienza et al., 2007; Yang et al., 2009). On the other hand, mutations in one of these
genes lead to disruption of this pathway, thus resulting in salt-sensitive phenotype
with SOS1 mutants are being the most sensitive (Wu et al., 1996). In this study, to
investigate the function of the SOS1 gene isolated from Avicennia marina, sos1-1
mutant and wild type Arabidopsis thaliana were transformed with AmSOS1 and its
constitutive form AmSOS1∆946. The preliminary results of T2 lines showed that
AmSOS1 was able to rescue the phenotype of mutants and increase the salt tolerance
of wild type Arabidopsis. This indicates that AmSOS1 is expressed in the
Arabidopsis and functions similarly to AtSOS1. Hence proves that the isolated
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AmSOS1 is indeed an ortholog of AtSOS1. In addition, the constitutive form was able
to increase the salt tolerance in wild type Arabidopsis thaliana even more than the
wild type AmSOS1. Thus, this finding proves that the constitutive form is expressed
and functions as a Na+/H+ antiporter.
Homozygous T3 lines of transformed Arabidopsis thaliana will be tested to further
investigate the function of AmSOS1 and AmSOS1∆946. Expression level of each
gene will be determined via qPCR to choose the best (T3) lines for salinity test. The
present study opens the use of the mangrove-derived SOS1 (AmSOS1) to transform
crop-plants-of interest to enhance salinity tolerance.
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Chapter 5: Conclusion
In conclusion, the isolated SOS pathway genes from UAE local plants showed some
interesting structure variations, especially the genes isolated from the mangrove,
Avicennia marina. These variations may help understanding the differences between
salt tolerant plants and salt sensitive pants; hence, provide insight into developing
transgenic crops either by overexpression of the SOS pathway genes or via gene
editing. In addition, overexpression of mangrove sos1 gene in Arabidopsis thaliana
mutant plants resulted in rescuing the mutant, thus, verifying that the isolated
AmSOS1 is indeed an ortholog of AtSOS1.
Comparing the SOS pathway genes form Panicum turgidum and Panicum hallii may
provide hints toward improving the salinity tolerance of Panicum hallii, which is
used heavily in biofuel production. Moreover, Prosopis cineraria is local tree belong
to the family of Fabaceae. Thus, it can be used to compare its genes with that of other
legume plants for example soybean. Genes isolated from Mangrove plants are
interestingly different than others to some level, especially the UTRs. More research
is needed to be done to further analyze and understand the effect of the complexity of
the genes from mangrove.
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